Potocki-Shaffer syndrome (PSS) is a contiguous gene disorder due to the interstitial deletion of band p11.2 of chromosome 11 and is characterized by multiple exostoses, parietal foramina, intellectual disability (ID), and craniofacial anomalies (CFAs). Despite the identification of individual genes responsible for multiple exostoses and parietal foramina in PSS, the identity of the gene(s) associated with the ID and CFA phenotypes has remained elusive. Through characterization of independent subjects with balanced translocations and supportive comparative deletion mapping of PSS subjects, we have uncovered evidence that the ID and CFA phenotypes are both caused by haploinsufficiency of a single gene, PHF21A, at 11p11.2. PHF21A encodes a plant homeodomain finger protein whose murine and zebrafish orthologs are both expressed in a manner consistent with a function in neurofacial and craniofacial development, and suppression of the latter led to both craniofacial abnormalities and neuronal apoptosis. Along with lysine-specific demethylase 1 (LSD1), PHF21A, also known as BHC80, is a component of the BRAF-histone deacetylase complex that represses target-gene transcription. In lymphoblastoid cell lines from two translocation subjects in whom PHF21A was directly disrupted by the respective breakpoints, we observed derepression of the neuronal gene SCN3A and reduced LSD1 occupancy at the SCN3A promoter, supporting a direct functional consequence of PHF21A haploinsufficiency on transcriptional regulation. Our finding that disruption of PHF21A by translocations in the PSS region is associated with ID adds to the growing list of ID-associated genes that emphasize the critical role of transcriptional regulation and chromatin remodeling in normal brain development and cognitive function.
Introduction
In many regions of the genome, microdeletions 1,2 or balanced translocations [3] [4] [5] [6] are associated with phenotypic abnormalities and are presumably caused by haploinsufficiency of the various genes involved. Potocki-Shaffer syndrome (PSS [MIM 601224]) is a rare contiguous genedeletion syndrome caused by heterozygous interstitial microdeletions of chromosomal region 11p11-p12 and is characterized by developmental defects that include intellectual disability (ID), craniofacial anomalies (CFAs), multiple exostoses (MIM 133701), and parietal foramina (MIM 609597). 7, 8 Genes responsible for the latter two phenotypes in this chromosomal region have been identified: Deletion of EXT2 (MIM 608210) causes multiple exostoses, 9 and deletion of ALX4 (MIM 605420) causes parietal foramina. 10, 11 However, the cause of the ID and abnormal craniofacial development has remained uncertain.
Through identification of two independent subjects with balanced translocations and support from a third published translocation subject, 12, 13 we have uncovered evidence that haploinsufficiency of a single gene, PHF21A (also known as BHC80 [MIM 608325]), at 11p11.2 is associated with ID and CFA phenotypes. This evidence was complemented by comparative deletion mapping of PSS subjects with diverse phenotypes that positioned PHF21A within the critical region associated with ID and CFAs, functional in vitro analysis of PHF21A in cells from translocation subjects, and generation and rescue of zebrafish phenotypes through the suppression of phf21a with morpholino oligonucleotides (MOs). PHF21A specifically binds unmethylated histone H3 lysine 4 (H3K4me0) and participates in the lysine-specific demethylase 1 (LSD1 [MIM 609132]) demethylase complex, implicating it as a regulatory protein in histone-methylation dynamics 14 and suggesting that disruption of this process might underlie the ID and CFA phenotypes in these translocation individuals.
Subjects and Methods

Human Subjects
DGAP012 and MCN1762 (Table 1) were ascertained through the Developmental Genome Anatomy Project (DGAP) and Mendelian Cytogenetic Network, respectively, and blood samples were obtained for initiation of a lymphoblastoid cell line. 17 PSS subjects PSS02, PSS08, PSS10, and PSS-Romeike were previously described. 7, 15, 18 Where possible, all subjects were tested for copynumber variants (CNVs) by array comparative genomic hybridization (CGH) with the use of Agilent (Santa Clara, CA) 244K arrays as described (Table 2) . 19 DGAP012 displayed one 156 kb deletion CNV (chr13: 48,430,969-48,587,500; hg18) that is located at 13q14.2 and has not been reported previously and that involves FNDC3A, which is expressed in spermatids and Leydig cells and produces male sterility when homozygously inactivated. 20 All human studies were performed under informed-consent protocols approved by the Partners HealthCare System Human Research Committee. DGAP012 At birth, this white male was small but normally proportioned and suffered from supraventricular tachycardia, hyperbilirubinemia, and hypoglycemia, all of which resolved. Chromosome analysis revealed an apparently balanced chromosomal translocation with the karyotype 46,XY,t(11;19)(p11.2;p13.3)dn, which was revised by molecular analysis here to 46,XY,t(11;19) (p11.2;p13.2)dn. The family history was unremarkable, and parental chromosomes were normal. At 1 year of age, the subject displayed bifrontal biparietal atrophy on a computed tomography (CT) scan, and at 15 months of age, he showed significant global developmental delay, digitalized thumbs, brachycephaly, microcephaly (a head circumference of 46 cm; tenth percentile), a small downturned mouth, mild midfacial hypoplasia, a flat midface, a narrow nasal bridge, a very small nose, large ears, bilateral epiblepharon (an extra skin fold was medially under each lower lid) without trichiasis, small hands and feet, and an absence of emotional expression. He also displayed hand flapping and had feeding problems prior to the age of 3 years.
A magnetic resonance image (MRI) at the age of 2 years revealed prominent cerebrospinal fluid, which might represent volume loss. At the age of 5 years, DGAP012 displayed hypotonia and dystonic movement and could not walk and showed significant nearsightedness and astigmatism (À3.00 þ3.00 3 90 in both eyes), as well as some diffuse pigmentary mottling suggesting a possible retinal dystrophy. MCN1762 This white female, aged 42 years, was delivered at term after an uneventful pregnancy but was lethargic and had feeding difficulties. At age 3.5 years, her gross motor development was normal, but her speech development was delayed, and she displayed hyperactivity, poor concentration, and mild myopia (À2.00 [right eye], À2.50 [left eye]). A verbal intelligence quotient (IQ) test (Terman-Merril) indicated a delay of 1 year, and a nonverbal IQ test (Leiter) was normal. The following dysmorphic features were noted: brachycephaly, microcephaly, a long narrow nose, mild midfacial hypoplasia, a downturned mouth, thin lips, and prominent ear lobes and, in childhood only, downslanting palpebral fissures and epicanthal folds. GTG-banded karyotyping revealed an apparently balanced reciprocal translocation, 46,XX,t(1;11) (p13;p11)dn, which was revised by molecular analysis to 46,XX,t(1;11)(p21.1p11.2)dn. Her parents and two siblings are healthy, and parental karyotypes are normal. MCN1762 attended a school for special needs and is able to read. Her linear growth (to 173 cm) and pubertal development were normal, and she has developed truncal obesity (see Figure 4C ). She now has mild ID but manages to live independently and have a sheltered parttime job. GM03316 This female Venezuelan subject was 3 years old when her blood was submitted to the National Institute of General Medical Sciences Human Genetic Cell Repository at the Coriell Institute in January of 1978 (prior to identification of PSS) and showed an apparently balanced translocation: t(X;11)(q11.1;p11.2)dn. The clinical symptoms were listed as ID (quantitative intelligence [Gq] ¼ 60) with a strikingly unusual dysmorphology syndrome including epicanthus, hypertelorism, oblique palpebral fissures, trigonocephaly, and micrognathia. At 5 years of age, her vocabulary was progressing well, and she had a good memory, but her Gq corresponded to that of a 3-year-old girl. Her principal problem was an inability to concentrate. She could feed herself when she wished and had gained control of her sphincters both day and night by age 3.5 years. She was shy and easily frightened and was clumsy with both hands and legs. GC14361 This 2.25-year-old male from Bangladesh had a history of static encephalopathy and developmental delay, which were first noted when he was 6 months old. He displayed microcephaly, short stature, a small phallus, a unilateral absent testis, and dysmorphic features, including a short forehead, prominent biparietal foramina, a midline parietal cortical defect, a flat midface, a flat occiput, sensorineural hearing loss, epicanthal folds, protuberant ears, a bulbous nasal tip that continued below the columella, a depressed nasal root, a small mouth and small chin (micrognathia), hypotonia, a slight pectus excavatum, recurrent otitis media, and slender fingers.
Breakpoint Mapping, Cloning, and Characterization
In brief, bacterial artificial chromosomes (BACs), followed by fosmid or cosmid probes chosen on the basis of the human genome map, were used for fluorescence in situ hybridization
The American Journal of Human Genetics 91, 56-72, July 13, 2012 57 (FISH) of metaphase chromosomes as previously described. 6 For breakpoint fine mapping by array painting, metaphase chromosomes were flow sorted, 21, 22 and DNA was extracted, amplified, labeled, and hybridized to a custom array (Agilent, Santa Clara, CA) with an average spacing of three unique probes per 1 kb as described previously. 4 The array design has been made public at the eArray website (name: Translok4; design number: 022990). Standard DNA blotting with PCR-generated probes was used for delineating the breakpoints, which were then isolated with suppression PCR and sequenced with an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA). This suppression-PCR method exploits a specially designed adaptor to walk in unknown genomic DNA regions from known adjacent sequences. 23 Specific steps for breakpoint mapping and cloning in each case are the following. DGAP012 with t(11;19)(p11.2;p13.2) On chromosome 11, BAC clones RP11-618K13, CTD-2254P23, and RP11-142O14 all span the breakpoint ( Figure S1A and Table  S1 , available online) that lies in the 14 kb between BAC clones CTD-2580L7 and CTD-2353H9. Four PCR probes (D012-A, D012-B, D012-C, and D012-D; see Table S3 for primers) detected junction fragments with various enzymes (e.g., Figure S1C ). This Southern analysis narrowed down the breakpoint to 729 bp ( Figure S1A ). Not visible in Figure 4 as a result of laughing expression. f The initial karyotype was reported as t(X;11)(p22.32;p12), 12 which was revised as t(X;11)(p22.3;p12). However, on the basis of the locations of two genes, ARHGAP6 and PHF21A, reported as disrupted, 13 this karyotype has been further revised to t(X;11)(p22.2;p11.2).
We reported previously that FISH with BAC CTD-3193O13 spanned the chromosome 19 breakpoint 24 ( Figure S1B and Table   S1 ). Additional FISH with five cosmids and three restriction fragments narrowed down the breakpoint region to 11 kb between the telomeric end of a 30 kb restriction fragment and the telomeric end of RP11-585H16 ( Figure S1B ). Three PCR probes (D012-E, D012-F, and D012-G; primers in Table S3 ) detected junction fragments (e.g., Figure S1D ), narrowing the breakpoint to 3,441 bp at 19p13.2 ( Figure S1B ). For suppression PCR, adaptors 1 and 2 were ligated to ScaIdigested DGAP012 genomic DNA (Table S3) . 23 The ligated DNA was diluted 1:10 with pure water and used as a template for suppression nested PCR (two-step PCR in which first boost PCR is followed by nested PCR) with the chromosome 19 primers (Table S3 ) designed from the 3,441 bp deduced breakpoint region ( Figure S1B ) and adaptor primers (Table S3 ). This suppression PCR generated products composed of sequences from both chromosomes 11 and 19 and thereby identified an unknown chromosome 11 sequence that confirmed the 729 bp breakpoint region at 11p11.2 by Southern analysis ( Figure S1A ). The der(19) junction fragment was amplified by nested PCR with the following primer pairs: chr11 forward 1 þ chr19 reverse 1 for boost PCR and chr11 forward 2 þ chr19 reverse 2 for nested PCR. The der(11) junction fragment was amplified by nested PCR with the following primer pairs: chr19 forward 1 þ chr11 reverse 1 for boost PCR and chr19 forward 2 þ chr11 reverse 2 for nested PCR (Table S3) . MCN1762 with t(1;11)(p21.1;p11.2) We first performed FISH with BAC clones RP11-992G23 and RP11-425L10 (which hybridize distally and proximally to PHF21A, respectively) in 11p11.2 to confirm localization of the translocation to the PHF21A region. Then, guided by array painting, we performed FISH with additional BACs and subsequently with fosmids and identified RP11-177H1 as a BAC spanning the breakpoint lying within the 37 kb segment covered by fosmid G248P88722D5 ( Figure 1D and Table S2 ). From the arraypainting results, breakpoint regions were refined to 11.4 kb in 1p21.1 and 93 bp in 11p11.2, resulting in the revision of the previously designated karyotype to 46,XY,t(1;11)(p21.1;p11.2)dn.
We then used PCR to amplify junction fragments by using primers in the refined regions of chromosomes 1 and 11 by array painting.
The junction fragment of~0.8 kb from der(1) was amplified by normal PCR from one primer pair of chr11 forward and chr1 reverse and was confirmed by sequencing and subsequent BLAST searching. The~650 bp junction fragment of der(11) was amplified by primer set chr1 forward and chr11 reverse (Table S3) . Partial sequences from chromosomes 1 and 11 of this junction fragment were confirmed by sequencing and BLAST searching. Deletions of all subjects except PSS10 (for whom a microarray could not be performed) are also depicted as blue bars in Figure 3 , and PHF21A FISH results are shown in the Figure 3 inset for all subjects except PSS Romeike. The following abbreviations are used: ID, intellectual disability, CFAs, craniofacial anomalies; FISH, fluorescence in situ hybridization; and CGH, comparative genomic hybridization.
Rubinstein-Taybi syndrome, 16 subjects with micropenis or hypogonadotropic hypogonadism and ID, and five subjects with metopic craniosynostosis; again, we detected no potentially pathogenic variants.
RNA and ChIP Analysis in Lymphoblasts
For analysis of expression of neuronal genes in lymphoblastoid cell RNA, cells were harvested and RNAs were prepared with Trizol reagent (Sigma, St. Louis, MO). Lymphoblastoid cell cDNA samples were obtained by oligo dT and Superscript III (Invitrogen, San Diego, CA) with primers designed to cross multiple introns for the exclusion of genomic amplification. RT-PCR was carried out for 34 cycles by annealing at 60 C for 30 s and elongation at 72 C for 30 s with Platinum PCR SuperMix (Invitrogen).
LSD1 chromatin immunoprecipitation (ChIP) experiments were done as previously described. 26, 27 Primer pairs for the SCN3A (MIM 182391) promoter target and control oligos designed in an intergenic region between ACTG1 (MIM 102560) and FSCN2 (MIM 607643) are listed in Table S5 .
Immunoblot Analysis
Whole cell protein extracts were prepared from harvested lymphoblastoid cells and were lysed on ice for 30 min in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS) containing a protease inhibitor mixture (Roche) and 1 mM phenylmethylsulfonyl fluoride. Total lysates were then cleared by centrifugation at 14,000 3 g for 30 min, and supernatants were collected. Protein concentration was determined by a Bio-Rad (detergent compatible) protein assay. Fifty micrograms of protein extract was mixed with 4 3 SDS sample buffer, boiled for 2 min, and subjected to 10% SDS-PAGE. 
Immunostaining
Cells were grown on glass coverslips overnight. After being washed with PBS, cells were fixed in 4% paraformaldehyde and 0.5% Triton X-100 for 10 min. Coverslips were washed three times with PBS and incubated in block-permeabilization solution (15% goat serum [Sigma], 0.2% fish skin gelatin [Sigma], 0.03% NaN 3 , and 0.5% Triton X-100 in PBS) for 10 min. Cells were rinsed and incubated with blocking solution (15% goat serum, 0.2% fish skin gelatin, and 0.03% NaN 3 in PBS) overnight. After this, cells were incubated with a PHF21A antibody 28 in blocking solution for 2 hr at 37 C. Coverslips were washed three times with PBS and incubated for 1.5 hr with an Alexa Fluor 488-conjugated secondary antibody in blocking solution. Washing three times with PBS removed the excess antibody. DNA was stained with DAPI (Invitrogen). Images of fixed cells were collected with an LSM 510 META confocal microscope (Zeiss).
Mouse In Situ Hybridization Analysis
The primers used for amplification of three independent probes of the murine Phf21a transcript (RefSeq NM_138755.2) are listed in 24 Probe hybridization is seen on the normal 19, der (19) , and der(11) chromosomes, indicating that this 30 kb restriction fragment spans the chromosome 19 breakpoint region ( Figure S1B ). (D) FISH analysis with 37 kb fosmid G248P88722D5 spanning the breakpoints on the normal 11, der(1), and der (11) chromosomes, indicating that the translocation breakpoint of the chromosome 11 is located within the sequence of this genomic clone. mouse assembly), probes were designed to detect the majority of the known isoforms. Probes were labeled with [a- 
Fish Stocks and Maintenance
Zebrafish were maintained at 28. 
Zebrafish phf21a Constructs
Zebrafish phf21a was isolated from the 24 hpf zebrafish cDNA library by RT-PCR and was first cloned in a pGEM-T easy vector (Promega, Madison, USA) and then subcloned into the EcoRI site in the pCS2þ multipurpose expression vector. For the construction of the phf21a-RFP fusion reporter, specific enzymelinked primers were designed for PCR amplification. PCR primers are listed in Table S7 . PCR products were subcloned into the ClaI site in a pCS2þ RFP vector.
Whole-Mount In Situ Hybridization and Alcian-Blue and Acridine-Orange Staining
Antisense digoxigenin-labeled RNA probes for dlx2a, ngn1, huC, and phf21a were produced with a DIG-RNA labeling kit (Roche, Germany) according to the manufacturer's instructions. Wholemount in situ hybridization was performed with digoxigeninlabeled probes as previously described. 30 Cartilage staining was carried out with Alcian blue. 31 For the detection of apoptotic cells, embryos were placed in 10 mg/ml acridine orange (Sigma) for 30 min and were washed in egg water.
Microinjection of mRNA and Antisense MOs
Synthetic capped mRNAs for PHF21A and phf21a were transcribed in vitro with the linearized plasmid DNA as a template. mRNA was dissolved in 0.2% phenol red (as a tracking dye) and then microinjected into 1-to 2-cell-stage embryos. Antisense MOs for phf21a MO 5 0 -GCGTCATAAATGATATTTACCTGTG-3 0 and standard control MO 5 0 -CCTCTTACCTCAGTTACAATTTATA-3 0 were synthesized by Gene Tools (Corvallis, OR, USA). Each morpholino was resuspended in 1 3 Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca(NO 3 ) 2 , 5.0 mM HEPES, and pH 7.6) and injected into 1-to 2-cell-stage embryos at the concentration of 5 ng/embryo.
Results
PHF21A Is Disrupted in Unrelated Subjects with
Chromosomal Translocations, ID, and CFAs DGAP is a collaborative effort to identify genes of developmental importance through the study of individuals with apparently balanced chromosomal abnormalities and developmental defects. 32 Identification of multiple cases in whom the same gene is disrupted in independent subjects with de novo translocations and similar phenotypes provides particularly strong evidence of the causative nature of the lesion. Through DGAP, we identified a subject (DGAP012) with an apparently balanced de novo translocation between chromosomes 11 and 19; this translocation resulted in a 46,XY,t(11;19)(p11.2;p13.2)dn karyotype ( Figure 1A) . A second subject, MCN1762 (MCN19730002-227), identified through the Mendelian Cytogenetic Network database, had an apparently balanced de novo translocation between chromosomes 1 and 11; this was initially reported as 46,XX,t(1;11)(p13;p11)dn ( Figure 1B) . They both display evidence of ID with CFAs, as well as other typical PSS features, except for multiple exostoses and parietal foramina, as summarized in Table 1 , suggesting that the disruption in each case might affect the same gene in or near the PSS region in 11p11.2.
To map precisely the translocation in DGAP012, we first used FISH to bracket a candidate region and then to define a breakpoint-crossing BAC ( Figure 1C and Figures S1A and S1B). 24 After DNA blotting (Figures S1C and S1D) to refine the breakpoints, we used suppression cloning 23 and targeted PCR for subsequent isolation and sequencing of junction fragments. Full details of the breakpoint-cloning steps are given in the Subjects and Methods section. The chromosome 19 breakpoint lies within a SINE/Alu sequence in intron 5 of ELAVL1, whereas the chromosome 11 breakpoint interrupts a LINE/L2 repetitive element in intron 14 of PHF21A (Figure 2A ). At the der(19) breakpoint, there was a 5 nt CTCCT deletion of chromosome 11 sequence and a 5 nt TTCAG deletion of chromosome 19 sequence, whereas at the der(11) breakpoint, there was no loss or gain of nucleotides as a result of the translocation ( Figure 2C ). The breakpoints were also confirmed independently with a multiplexed targeted-capture and sequencing approach as previously described. 33 For the second subject, MCN1762, we used FISH ( Figure 1D and Table S2 ) and array painting followed by PCR amplification to isolate the breakpoints, and this resulted in the revision of the previously designated karyotype to 46,XY,t(1;11)(p21.1;p11.2)dn ( Figure 1B) . The chromosome 1 breakpoint lies within a small 48 bp nonrepetitive sequence surrounded by LINE/L1 sequences in a region devoid of annotated genes; this region is 635 kb distal from the 5 0 end of PRMT6 (MIM 608274). The chromosome 11 breakpoint is in intron 5 of PHF21A ( Figure 2B ). At the der(1) breakpoint, there was a 2 bp TT deletion of chromosome 1 sequence and an 8 bp CTCCAAAT insertion, whereas at the der(11) breakpoint, there was a 3 bp TTA deletion of chromosome 1 sequence ( Figure 2D ). Immunofluorescence in cultured cells with an antibody specific to the amino-terminal segment of PHF21A revealed that the majority of the protein resides in the nuclei ( Figure S3 ), consistent with a role for PHF21A in nuclear processes, such as chromatin association and transcriptional regulation. As expected from the sites of the translocations in both DGAP012 and MCN1762, disruption of PHF21A resulted in reduced protein levels of full-length PHF21A (as detected by immunoblot analysis) ( Figure 2E ). In both subjects, the PHF21A promoter could theoretically drive expression of a truncated PHF21A either alone or, in the case of DGAP012, as part of a fusion protein ( Figure S2 ). However, in neither case would such a protein product The translocation occurred at the site of the red vertical line. In DGAP012, the translocation produced der(11) and der(19) chromosomes that encode potential fusion transcripts (A). Note that the stop codon of the potential PHF21ADex15-18/ELAVL1Dex1-5 fusion gene is at the same location as wild-type ELAVL1 because there is no frameshift, whereas ELAVL1Dex6/ PHF21ADex1-14 has a frameshift with a premature stop codon in the new exon 6 (equivalent to exon 15 of PHF21A). The translocation in MCN1762 does not predict any potential fusion product because the breakpoint on chromosome 1 is located in a gene desert. (C and D) Genomic DNA sequence from the normal chromosomes and at the breakpoints on derivative chromosomes. In DGAP012, at the der(19) breakpoint, there was a 5 nt CTCCT deletion of chromosome 11 sequence and a 5 nt TTCAG deletion of chromosome 19 sequence, whereas at the der(11) breakpoint, there was no loss or gain of sequence (C). In MCN1762, the junction sequences revealed a 3 bp TTA deletion of chromosome 1 sequence on der(11) and a 2 bp TT deletion of chromosome 11 sequence and an 8 bp CTCCAAAT insertion on der(1). Details of the mapping of both breakpoints in DGAP012 and MCN1762 are described in Figure S1 as well as in the Subjects and Methods section. (E) Immunoblot analysis of PHF21A levels in DGAP012 and MCN1762 and in controls. The PHF21A antibody against an N-terminal 93 residue polypeptide 28 recognizes the~92 kDa PHF21A in both female (''F'') and male (''M'') controls, as well as in DGAP012 and MCN1762 lymphoblastoid cell line extracts. It shows notably reduced protein levels due to disruption of PHF21A (arrow) in both DGAP012 and MCN1762. A 73 kDa protein (arrowhead) was noted in DGAP012 and is likely to be a product of the PHF21ADex15-18/ELAVL1Dex1-5 fusion gene, which deletes the critical plant homeodomain (PHD) finger domain. a-tubulin was used as an internal loading control. The bar graph shows the mean and 5 standard deviations from three independent experiments (*p < 0.001, **p < 0.0001). The subcellular localization of PHF21A with the same antibody is described in Figure S3 . (F) PHF21A functional domains in wild-type and theoretical truncated proteins in two balanced translocation subjects. PHF21A contains two leucine zipper domains (LZD1 and LZD2), one AT-hook domain, and one PHD zinc finger domain. The amino acid positions of all domains are indicated as numbers below the domain structures. Note that if any protein were produced from the truncated PHF21A of DGAP012 or MCN1762, it would lack the PHD finger domain essential for binding H3K4me0. 14 contain the plant homeodomain (PHD) required for binding H3K4me0 14 ( Figure 2F ).
Localization of the chromosome 11 breakpoint from each subject within the same gene with consequent reduction in the protein product strongly supports a role for disruption of PHF21A in generating the ID and CFA phenotypes. This possibility was further supported by a third translocation subject, a young girl who displayed both ID and CFAs in conjunction with phenotypes reminiscent of Gillespie syndrome (MIM 206700). In this female subject, the translocation directly disrupted both PHF21A and the X chromosome gene ARHGAP6 (MIM 300118), encoding Rho-GTPase-activating protein 6.
12,13
The precise breakpoints in this case were not determined ( Table 1) . The phenotypes of all three translocation subjects are compared in Table 1 .
PHF21A Maps to the Critical PSS Interval Associated with ID and CFAs
Mapping of the translocation sites in PHF21A places them in proximity to the 11p11.2 genomic deletion region associated with PSS, in which phenotypic manifestations depend upon the precise location and extent of the deletion. 15 The full phenotypic spectrum of PSS is manifested when deletions are at least 2.1 Mb in size, 15 in which case they span the segment from D11S1393 to D11S1385/D11S1319 and contain 16 annotated genes and ( Figure 3 ). The three translocation subjects share phenotypes with PSS subjects, but the notable exceptions are multiple exostoses and parietal foramina (Table 1) , which are known to be caused by two genes (EXT2 and ALX4, respectively) distal to PHF21A. As an example, Figure 4 displays one of our translocation subjects and a PSS subject who both have CFAs that include microcephaly ( Figures 4A, 4B , and 4D), brachycephaly ( Figures  4A, 4B , and 4D), midfacial hypoplasia ( Figure 4B ), and a hypoplastic mandible ( Figures 4D and 4E) . Notably, neither of the two translocation subjects investigated here shows a second alteration on the nontranslocated chromosome by exon sequencing of PHF21A.
A critical reassessment of the in silico comparative deletion mapping of published deletion subjects, including those who display multiple exostoses and parietal foramina without ID or CFAs, [34] [35] [36] excludes the distal portion of the PSS interval. This leaves a~1.1 Mb ID and CFA candidate interval that is between D11S554 and D11S1319 and encompasses 12 annotated genes (TSPAN18, TP53I11, PRDM11, SYT13, CHST1, SLC35C1, CRY2, MAPK8IP1, C11orf94, PEX16, GYLTL1B, and PHF21A) (Figure 3) . PHF21A maps at the centromeric end of this candidate interval, and markers D11S1385 and D11S1319 are located within intron 5 ( Figure 3 ). To test whether PHF21A disruption occurs in PSS with ID and CFAs, we investigated five subjects clinically The minimal deletion region associated with the full spectrum of PSS phenotypes, compiled from a consensus of ten PSS subjects, is shown as a gray line encompassing deleted markers and flanked by small white boxes leading to markers D11S1393 and D11S1319, which are at the end of each box and are definitely not deleted. 15 The PSS-associated genes EXT2 and ALX4, together with PHF21A, all map to this deletion region. Black lines show regions of deletion in three subjects showing neither ID nor CFAs. [34] [35] [36] These deletion regions, subtracted from the above gray line, predict the ID and CFA candidate region (shown as a red line), a segment encompassing~1.1 Mb and containing 12 annotated genes between D11S554 and D11S1319. The proximal end of the ID and CFA candidate region overlaps with the terminal 98 kb of PHF21A. The blue lines of PSS subjects with ID and CFAs show unanimous deletion of PHF21A. At the bottom right, the breakpoints of DGAP012 and MCN1762 are shown. PHF21A is disrupted in both of these balanced translocation subjects with ID and CFAs but without multiple exostoses and parietal foramina. All together, the above genotype-phenotype analyses, combined with these two translocation cases, support a causative role for PHF21A in ID and CFAs. In the lower left corner is FISH mapping showing deletion of PHF21A in the five 11p11.2-deletion ID and CFA subjects shown above. FISH was carried out with BAC RP11-618K13 (red), which encompasses the 3 0 portion of PHF21A, for three PSS subjects (PSS02, PSS08, and PSS10) whose centromeric PSS deletion boundaries had not been fully delineated 15 and for two additional 11p11.2-deletion subjects (GC14361 and GM03316). Both chromosomes 11 from the same metaphase spread are shown, indicating the absence of PHF21A from one chromosome in each subject. Clone GS-770G7 from 11q25 (green) was used as a positive chromosome 11q control. diagnosed with PSS and one subject with a PSS-like phenotype in association with a 11p11.2 deletion whose extent had not been previously resolved (Table 2) . For five subjects (PSS02, PSS08, PSS10, GC14361, and GM03316), we were able to perform FISH with BAC clone RP11-618K13, which contains the telomeric 65 kb of PHF21A and spans the breakpoint in DGAP012. This BAC revealed heterozygous deletions in all five subjects (Figure 3, inset) . In addition, we carried out array-CGH analysis on PSS02, PSS08, GC14361, GM03316, and one additional PSS subject (PSS-Romeike; Figure 4) reported recently, 18 and this confirmed the loss of PFH21A in the first four subjects and also established it for the final subject ( Figure 3 and Table 2 ). The coordinates of the deletions found by array CGH are listed in Table 2 . Thus, PHF21A is hemizygous in all six subjects, five of whom were clinically diagnosed with PSS and all of whom display both ID and CFA phenotypes comparable to those of the translocation subjects.
To test the frequency of PHF21A hemizygosity in apparently normal individuals, we obtained a CNV dataset for 13,991 independent control individuals (collected across multiple studies [37] [38] [39] [40] [41] [42] ) from the International Schizophrenia Consortium and from Cooper et al. 43 In this collection, the only structural variations (SVs) that crossed an exon of PHF21A were two identical 590 bp duplications that overlapped portions of exon 1 and intron 1 (the coding sequence of PHF21A begins in exon 3). We also examined the Database of Genomic Variants (DGV), which shows six SVs reported in this region; these include four small deletions (444-5,230 bp) within PHF21A introns (one in intron 1, two in intron 5, and one in intron 6) and one example of the aforementioned 590 bp 5 0 UTR duplication. Data from the 1,000 Genomes Project also shows multiple CNVs at each of the exon 1 and intron 5 locations, as well as a single 545 bp CNV in the 3 0 UTR. 44 In addition to these presumably benign SVs, there is a single report in the DGV of a large 75 kb deletion encompassing six genes, including a portion of PHF21A. We are not in a position to validate that deletion or to confirm the absence of phenotype; however, there is precedent for even well-established disease-associated CNVs being nonpenetrant in some individuals.
Murine Phf21a Is Expressed in the CNS and Cranial Bones To determine whether the pattern of expression of PHF21A supports a role in craniofacial and neuronal development, we performed in situ hybridization experiments for the orthologous mouse gene. Predominant expression of Phf21a is detected in the developing CNS at early stages. At mouse embryonic days (E) 13.5 and 14.5, the roof of the neopallidal cortex and thus the developing cerebral cortex, as well as the roof of the midbrain and the spinal cord, showed the highest expression levels of Phf21a. The intraventricular portion of the cerebellar primordium also expressed Phf21a at E14.5 ( Figure 4G ). At early embryonic stages, facial bone and viscerocranial ossification initiates and, with ongoing ossification, high levels of Phf21a transcripts were found at E17.5 in the palatine bone ( Figure 4H and magnification in Figure 4I , marked by arrows) and the orbitosphenoidal bone ( Figure 4H , I black arrowhead), as well as in the calvaria. Signals observed in bone with Phf21a antisense probes were essentially restricted to cranial bones, suggesting a particular function for Phf21a in craniofacial development. In the adult mouse brain, the most abundant expression of Phf21a was observed in the neuronal layers of the hippocampus, the granule cell layer of the cerebellum, and the main olfactory bulb ( Figure 4J ). All together, these findings indicate that expression of Phf21a is consistent with an important role in the CNS and craniofacial skeletal development and in adult neuronal function. Interestingly, a single report of a mouse knockout for Phf21a described no gross morphological abnormality, although the potential for CFAs was not specifically evaluated. Neonatal mice died as a result of an inability to suckle properly; this inability was interpreted as a likely defect in neuronal control of milk-sucking behavior. 45 
Suppression of Zebrafish phf21a Expression Causes CFAs and Neuronal Apoptosis
To directly test the developmental importance of PHF21A, we isolated the zebrafish phf21a ortholog, examined its expression pattern, and performed gain-and loss-offunction experiments in this model organism. The zebrafish phf21a is highly related to human and mouse PHF21A proteins: It exhibits an AT-hook domain, a PHD, and two coiled-coil domains (data not shown). Using RT-PCR, we confirmed that zebrafish phf21a showed maternal and zygotic transcripts during embryonic development ( Figure S4A ). Whole-mount in situ hybridization analyses revealed phf21a transcripts ubiquitously distributed throughout the embryo during the stages of cleavage, blastula, gastrula, and early segmentation. Expression in the head region was increased from later somitogenesis and continued to 24 and 48 hpf (Figures S4B-S4J) .
To investigate the function of phf21a in zebrafish development, we tested the effect of phf21a knockdown by antisense MO. Injection of the phf21a MO, but not of a standard control MO or no MO, caused a small-head phenotype and facial dysmorphism with a pronounced defect in growth of the lower jaw at 3 days postfertilization (dpf); these features are reminiscent of the microcephaly and dysmorphism seen in the translocation subjects ( Figures 5A-5C and 5Q) .
We examined the head structure of phf21a morphants in more detail by using Alcian blue to visualize the extent of cartilage development in larval fishes. At 5 dpf, Meckel's and palatoquadrate cartilages were severely distorted in their size and shape in phf21a morphants (Figures 5D-5G ). Such defects were already manifest during early stages given that we also observed defects in dlx2a-positive pharyngeal-arch-cartilage progenitor cells in phf21a morphants at 2 dpf ( Figures 5H and 5I ). Defects in cranialcartilage formation were also observed for the zebrafish headless mutation, which is known to be involved in the signaling pathway of vertebrate head formation and patterning. 31 To investigate further whether these defects also involve other arch-associated structures, we injected the phf21a MO into flk1:GFP transgenic zebrafish, in which the vascular endothelial cells were visualized by green fluorescent protein (GFP) fluorescence. 46 At 4 dpf, the aortic arches of the phf21a-MO-injected flk1:GFP transgenic embryos were found to be hypoplastic: They showed poor development of capillary networks associated with pharyngeal arches (Figures 5J and 5K ). In vertebrates, Meckel's and palatoquadrate cartilages form the embryonic jaw apparatus. 47, 48 Thus, it would be interesting to examine whether the Phf21a/Bhc80-deficient mice, which display a failure to suckle, 45 might also have a defect in jaw structure. We also examined the effects of gain or loss of phf21a function on neuronal development but did not see any prominent change ( Figure S5 ). However, injection of the phf21a MO, but not a standard control MO or PHF21a mRNA, caused apoptosis in the developing brain region at 36 hpf (Figures 5L-5N) . Importantly, this apoptosis and the small-head phenotype can be rescued by introduction of wild-type human PHF21A mRNA ( Figure 5O ), suggesting that the ID phenotype in humans might be due to a requirement for PHF21A in the function of neuronal cell survival in the developing brain.
Overall, the phf21a MO caused craniofacial, morphological, and growth defects in the developing zebrafish embryo, as depicted by the notable ventral curvature of the body and small-head phenotype ( Figure 5Q ) relative to that of the control ( Figure 5P ). The body axis of the zebrafish normally straightens from its early curvature in the pharyngula developmental stage (24-48 hr) , during which phf21a is strongly expressed in the spinal cord ( Figures S4G and S4I) . Therefore, phf21a depletion in the spinal cord might impair the straightening process, resulting in persistent spinal and tail curvature. Two processes that have previously been implicated in such ventral curvature are dorsal midline development and cilia development, but the relationship of this phenotype to human PSS is unclear. Notably, injection of either wild-type phf21A or PHF21A mRNA rescued both the spinal curvature and small-head phenotypes ( Figures 5R and 5S) , demonstrating that they result from a lack of a conserved function of the protein.
Disruption of PHF21A in the Translocation Subjects Derepresses SCN3A Along with LSD1, PHF21A is known to be a component of the CoREST-related protein complex, BRAF-HDAC complex (BHC), which participates in neuron-specific gene repression presumably by regulating histone-demethylation activity. 26, 27 PHF21A specifically recognizes unmethylated histone H3 lysine 4 residues and is required for LSD1-mediated transcriptional repression and LSD1 occupancy at target promoters. 14 To investigate whether LSD1-mediated transcriptional repression is functionally altered by the PHF21A-disrupting translocations, we first examined transcription levels of several reported LSD1 targets, including SCN1A, SCN3A, and SYN1, in lymphoblastoid cell lines derived from normal males, normal females, and translocation subjects DGAP012 and MCN1762. We found that SYN1 and SCN1A have high and moderate levels, respectively, of expression, even in normal lymphoblastoid cells, indicating that they are not epigenetically repressed like they are in HeLa cells. 26, 27 However, SCN3A mRNA was expressed at a lower level as measured by RT-PCR in lymphoblastoid cells from normal controls, suggesting that this LSD1 target gene is transcriptionally repressed. An increase of SCN3A transcript was readily detected in DGAP012 and MCN1762 cells ( Figures  6A and 6B ), indicating that a single functional allele of PHF21A might not be sufficient for effective repression of SCN3A transcription. This is consistent with the fact that correct dosage of PHF21A is important for its function. In support of this hypothesis, ChIP results showed a significant reduction of LSD1 binding to the SCN3A promoter in DGAP012 and MCN1762 cells compared to normal control cells ( Figure 6C ). These findings indicate that SCN3A might be repressed by the LSD1 corepressor complex through a mechanism similar to that reported in HeLa cells 14, 26 and that PHF21A might be similarly required for LSD1 promoter occupancy in lymphoblasts. This functional disruption of PHF21A in DGAP012 and MCN1762 lymphoblasts is probably mirrored by alterations in gene regulation in many tissues, including the CNS.
Discussion
PSS is a contiguous gene syndrome involving ID and CFAs, along with other distinctive features, including eye abnormalities (severe myopia, nystagmus, and strabismus), skeletal anomalies (small hands and feet and tapering fingers), multiple exostoses, and enlarged parietal foramina. 7, 15, 16, 36, 49, 50 The challenging aspect of positional cloning in such contiguous gene syndromes is assigning individual phenotypes to individual genes in the deleted region. Because the size and location of contiguous-gene-syndrome deletions can vary from individual to individual, comparison of overlapping regions for defining a minimal candidate region associated with a particular phenotype has often preceded candidate-gene analysis for identifying the associated gene. 51, 52 These strategy and linkage analyses, respectively, led to two genes implicated in the pathogenesis of PSS: ALX4, associated with enlarged parietal foramina, 53 and EXT2, responsible for multiple exostoses. 9 However, these approaches have not identified the gene(s) responsible for the ID and CFA phenotypes. Attempts to identify the gene(s) underlying the latter PSS phenotypes have been hampered by the relatively large size of the minimal candidate interval (~2.1 Mb). 15 Both categories of clinical features are individually relatively common: ID affects~2%-3% of humans, 54 and CFAs are present in~1/3 of human congenital defects. 55 In many cases, these phenotypes manifest together, suggesting a common underlying etiology. Our reinterpretation of the PSS candidate region for ID and CFAs to~1.1 Mb on the basis of published subjects with neither ID nor CFAs [34] [35] [36] and the identification of two independent translocation subjects with breakpoints at the proximal end of this region suggest that disruption of a single gene, PHF21A, is responsible for both ID and CFAs. This finding is supported by a third translocation case from the literature.
12,13
Haploinsufficiency of PHF21A is the probable cause of ID and CFAs in all cases that we studied given that we detected no additional PHF21A mutation on the nontranslocated alleles in DGAP012 and MCN1762 and no clear differences between the critical ID and CFA features of these subjects and those of the PSS subjects with interstitial deletions (Tables 1 and 2 ). In MCN1762, PHF21A was the (P-S) The phf21a-MO causes craniofacial, morphological, and growth defects in the developing zebrafish embryo. Reintroduction of wild-type phf21a/PHF21A rescues the zebrafish phenotype. A control-MO-injected embryo is shown in (P). Knockdown of phf21a causes ventral curvature of the body and a small-head phenotype (Q). These phenotypes of the phf21a MO are rescued by coinjection of either zebrafish phf21a mRNA (R) or human PHF21A mRNA (S). Expression of phf21a during zebrafish early development is described in Figure S4 . only gene disrupted, whereas in DGAP012, ELAVL1 was also truncated. ELAVL1 encodes a protein that contains three RNA-binding domains and binds cis-acting AU-rich elements. It destabilizes mRNAs and thereby regulates gene expression. 56, 57 Because both subjects show comparable phenotypes, it is unlikely that ELAV1 haploinsufficiency or fusion proteins contribute strongly to the critical PSS-like phenotypes (Table 1) , although they might be responsible for unusual features, such as possible retinal dystrophy and a digitized thumb, in DGAP012. The third translocation subject was only examined as a very young girl and displayed some phenotypes (bilateral superior coloboma, foveal hypoplasia, inferior cerebellar hypoplasia, and ID) thought to be suggestive of Gillespie syndrome (partial aniridia, cerebellar ataxia, and ID). Gillespie syndrome is known to be genetically heterogeneous and is caused in some cases by lesions in PAX6 (MIM 607108). In this subject, it is likely that the disruption of PHF21A contributed to the ID and craniofacial dysmorphism in common with the other two translocation subjects ( Table 1 ). The disparate phenotypes might then have been contributed by disruption of ARHGAP6 or by an independent lesion elsewhere. Notably, mice homozygous for a targeted null mutation of ARHGAP6 do not exhibit any detected phenotypic or behavioral abnormalities. 58 A strict PHF21A dosage requirement for normal craniofacial and neurodevelopment is also supported by our findings in the zebrafish system where phf21a suppression produced abnormalities in the development of the head, face, and jaw, as well as increased neuronal apoptosis. Importantly, these deficiencies were rescued by the human PHF21A, indicating a conserved developmental function. The discovery that translocations disrupting PHF21A are associated with abnormal craniofacial and intellectual development adds to the evidence that regulation of gene expression through chromatin modifications is crucial to both processes. To date, three genes, NSD1 (MIM 606681), KDM5C (MIM 314690), and PHF8 (MIM 300560), encoding proteins that have PHD domains and bind methylated histone tails have been found in syndromes with ID and distinctive craniofacial features. NSD1, which is deficient in Sotos syndrome, specifically binds methylated H3K4 and H3K9 via domains PHD1, PHD4, PHD5, and PHD6; 59 SMCX/JARID1C (encoded by Unlike the above proteins, PHF21A is neither a methyltransferase nor a demethylase but instead specifically binds histone H3K4 when it is not methylated.
14 This suggests that both recognition of the unmodified state of histone tails and binding of proteins to methylated histone tails are critical for maintaining the appropriate balance and control of particular chromatin modifications for the support of normal intellectual and craniofacial development. Although the PSS-associated ID and CFAs appear to be due to haploinsufficiency of PHF21A, it has not been possible to ascertain and screen a large series of nontranslocation subjects with comparable phenotypes for PHF21A mutations. Therefore, we cannot state with certainty that missense, nonsense, splicing, or other mutations in PHF21A would lead to the same ID and CFA phenotypes. Indeed, it is conceivable that other types of genetic lesions in PHF21A could actually be associated with other developmental phenotypes; we were able to identify 200 individuals with ID and/or CFAs but without the full constellation of phenotypes exhibited by our translocation subjects, and we performed a mutation screen of PHF21A. We did not detect any truncating or missense mutations that have implicated particular PHD domains in NSD1 in binding to their methylated targets and that could thus aid in structure-function experiments. This is not surprising given the frequency of these two major phenotypes and the extent of genetic heterogeneity underlying each of them, but more extensive mutation analysis of subjects with various manifestations of ID, CFAs, and additional phenotypes seen in our translocation subjects might prove valuable to understanding the functional domains of PHF21A. PHF21A (BHC80) is known to participate in the sixsubunit BHC, which also comprises BRAF35 (MIM 605535), HDAC1 (MIM 601241), HDAC2 (MIM 605164), CoREST (MIM 607675), and LSD1 (BHC110); the latter is a histone demethylase that targets H3K4me2. 26 This complex interacts with the promoters of genes, such as synapsin and sodium-channel genes, to mediate repression of these neuron-specific genes through the cis-regulatory element known as repressor element 1 or neural restrictive silencer (RE1/NRS). 63 Specific binding of PHF21A to
H3K4me0 is required for optimal LSD1 promoter occupancy in vivo and for LSD1-mediated gene repression. 14 Our data showing derepression of the neural gene SCN3A in lymphoblasts from the translocation subjects as a consequence of reduced levels of PHF21A are consistent with this role for the protein. Repression of neuronalspecific genes is of fundamental importance in the development of both neuronal and nonneuronal tissues, 63 so the failure of this particular function in the translocation subjects might have contributed to their ID and CFAs.
Another interesting XLID candidate, ZMYM3 (MIM 300061), encodes a zinc finger protein that is predominantly expressed in the brain and that is a component of transcriptional corepressor complexes that also contain LSD1 (BHC110) and HDAC2. 64, 65 The 5 0 UTR of ZMYM3 is disrupted by a presumably balanced t(X;13) karyotype in a female with ID and preferential inactivation of the normal X chromosome. 66 In addition, Kleefstra syndrome, characterized by ID and CFAs comparable to PSS, has been associated with disruption of EHMT1, encoding euchromatin histone methyltransferase 1, which acts as a methyl transferase to modify H3K9 and has been reported as a component of the E2F6 transcription repressor complex and of a CtBP repressor complex that also contains LSD1. 2, [67] [68] [69] The parallels between PHF21A, ZMYM3, and EHMT1 suggest that other X-linked and autosomal loci underlying ID and/or CFAs might encode proteins that participate in complexes involving LSD1 or potentially other demethylases or methyltransferases. Our finding that decreased dosage of PHF21A, a histone-binding protein that interacts with and is required for the histone-demethylase activity of LSD1, leads to both ID and CFAs provides the proof of principle for investigation of other regulators of histone modification as genetic factors in ID and/or CFAs. Indeed, the recent finding of haploinsufficiency of ARID1B (MIM 614556), encoding an E3-ubiquitin-ligase component that functions with the chromatin-remodeling switch/sucrose nonfermentable complex, [70] [71] [72] [73] [74] suggests that genes involved with other aspects of chromatin modification might also contribute to ID and CFAs and that ultimately, human mutations affecting both regulatory and enzymatic components of histone-modification complexes might represent important tools for delineating the chromatin-regulation features that are critical for normal craniofacial and neurological development and cognitive function.
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